Aldosterone is synthesized in the zona glomerulosa of the adrenal cortex under primary regulation by the renin-angiotensin system. Angiotensin II (A-II) acts through the angiotensin types 1 and 2 receptors (AT1R and AT2R). A-II is metabolized in different tissues by various enzymes to generate two heptapeptides A-III and angiotensin 1-7, which can then be catabolized into smaller peptides. A-II was more potent than A-III in stimulating aldosterone secretion in the adrenocortical cell line HAC15, and A-II, but not A-III, stimulated cortisol secretion. A-II stimulated mRNA expression of steroidogenic acute regulatory protein, 3␤-hydroxysteroid dehydrogenase, CYP11B1, and CYP11B2, whereas A-III stimulated 3␤-hydroxysteroid dehydrogenase, CYP11B1, and CYP11B2 but decreased the expression of CYP17A1 required for cortisol synthesis. The stimulation of aldosterone secretion by A-II and A-III was blocked by the AT1R receptor blocker, losartan, but not by an AT2R blocker. A-II was rapidly metabolized by the HAC15 cells to mainly to angiotensin 1-7, but not to A-III, and disappeared from the supernatant within 6 h. A-III was metabolized rapidly and disappeared within 1 h. In conclusion, A-II was not converted to A-III in the HAC15 cell and is the more potent stimulator of aldosterone secretion and cortisol of the two. A-III stimulated aldosterone secretion but not cortisol secretion. (Endocrinology 154: 214 -221, 2013) A ldosterone is the most important mineralocorticoid for the regulation of extracellular fluid, salt balance, and arterial blood pressure. Excessive aldosterone secretion results in hypertension and cardiovascular and renal damage in patients with primary aldosteronism, the most common form of secondary hypertension (1, 2). Aldosterone is synthesized and secreted by zona glomerulosa cells of the adrenal gland, primarily under the regulation of the renin-angiotensin system. In the human, angiotensin II (A-II) binds to two receptors, the angiotensin type 1 receptor (AT1R) and AT2R, respectively (3). Binding of A-II to AT1R in the zona glomerulosa stimulates aldosterone production via the Ca 2ϩ / calmodulin kinase, MAPK, and cAMP cascade (4).
A ldosterone is the most important mineralocorticoid for the regulation of extracellular fluid, salt balance, and arterial blood pressure. Excessive aldosterone secretion results in hypertension and cardiovascular and renal damage in patients with primary aldosteronism, the most common form of secondary hypertension (1, 2) . Aldosterone is synthesized and secreted by zona glomerulosa cells of the adrenal gland, primarily under the regulation of the renin-angiotensin system. In the human, angiotensin II (A-II) binds to two receptors, the angiotensin type 1 receptor (AT1R) and AT2R, respectively (3) . Binding of A-II to AT1R in the zona glomerulosa stimulates aldosterone production via the Ca 2ϩ / calmodulin kinase, MAPK, and cAMP cascade (4) .
A-II consists of eight amino acids (1) (2) (3) (4) (5) (6) (7) (8) and is formed from the decapeptide A-I (1-10) by cleavage of two amino acids, His-Leu (9, 10) by angiotensin-converting enzyme (ACE) (5) . Aminopeptidases A and N cleave A-II to form A-III (2-8) and A-III to form A-IV (3) (4) (5) (6) (7) (8) , respectively (6). Angiotensin 1-7 (Ang1-7) is formed from A-II by ACE2, prolyl endopeptidase, or prolyl carboxypeptidase (7, 8) . Expression of the enzymes of angiotensin metabolism varies between tissue and species, and the multiple metabolites of A-II in human adrenocortical cells have not yet been studied.
A-II metabolites bind AT1R or AT2R and newly discovered receptors (9, 10) . Radioisotope binding studies showed that A-II and A-III, but not A-IV or Ang1-7, have high affinities for AT1R and that A-II, A-III, A-IV, and Ang1-7 exhibited high to modest affinity for the AT2R (9) . Systemic A-III administration increased aldosterone production in the rat, dog, and human (11) (12) (13) (14) (15) (16) . The effects of these metabolites on the enzymes of steroid production in human adrenocortical cells have not been fully elucidated. In addition, the specific receptor that mediates the effects of A-III has been controversial and may vary between tissues or different species.
In summary, the extent of the regulation of aldosterone production by A-II metabolites in human adrenocortical cells remains uncertain. We investigated how A-II is metabolized and the effect of these metabolites on aldosterone and cortisol synthesis in the HAC15, a human adrenocortical carcinoma cell line used to model human adrenal steroidogenesis.
Materials and Methods

Cell culture and materials
The HAC15 human adrenocortical carcinoma cell line, a subclone of the H295R, a human adrenocortical carcinoma cell (17, 18) , was developed and kindly provided by William Rainey (Georgia Health Science University, Augusta, GA). The HAC15 cells were cultured in DMEM:F12 (1:1) supplemented with 10% Cosmic Calf serum (HyClone, Logan, UT) at 37 C under an atmosphere of 5% CO 2 .
A-II was purchased from Sigma-Aldrich Co. Ltd. 
Experimental design
HAC15 cells were grown to near confluence in six-, 12-, 24-, or 48-well plates for A-II and A-III metabolites studies, mRNA level detection, SDS-PAGE and immunoblotting analysis, and steroid measurement by ELISA, respectively. Serum deprivation using (Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12) DMEM:F12 supplemented with 0.1% Cosmic Calf serum was performed 24 h before each experiment.
To determine A-II or A-III metabolites, cells were washed three times, A-II or A-III was added in HEPES buffer to media to a final concentration of 100 nM, and media and cells were collected after indicated incubation times. For all other experiments, cells were incubated for 24 h in media with 10 nM A-II, A-III, A-IV, Ang1-7, or no secretagogue. When antagonists were used, they were added to fresh media 30 min before the secretagogue.
RNA extraction and RT-PCR
Total RNA extraction, RT-PCR, and detection of P450, family 11, subfamily B, polypeptide 1 or Aldosterone synthase (CYP11B2), P450, family 11, subfamily B, polypeptide 1 (CYP11B2 or cytochrome P450 11 beta-hydroxylase), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression by the TaqMan Gene expression assay were performed as previously reported (19) . mRNA expression of steroidogenic acute regulatory protein (StAR), cytochrome P450, family 11, subfamily A, polypeptide 1 (CYP11A1), 3␤-hydroxysteroid dehydrogenase (HSD3B2), cytochrome P450, family 21, subfamily A, polypeptide 2 (CYP21A2), cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17A1), and GAPDH were detected using SYBR Green as previously reported (19) . Real-time data were obtained during the extension phase and critical threshold cycle values were calculated at the log phase of each gene amplification curve. Gene expression levels were analyzed as arbitrary units normalized against GAPDH mRNA expression.
SDS-PAGE and immunoblotting analysis
Cells were lysed with radioimmunoprecipitation assay buffer supplemented with protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA) and the lysates added to Laemmli buffer. Equal aliquots of cell lysates were subjected to 12.5% SDS-PAGE and then transferred to polyvinylidene difluoride membranes using a wet technique. Immunoblotting analyses were performed using rabbit antiguinea pig CYP17 antiserum, rabbit antibovine 3␤HSD (20) , and mouse anti-␤-tubulin (Developmental Studies Monoclonal Bank, The University of Iowa, Iowa City, IA) as control. Blots were developed with Super Signal West Pico Chemiluminescent substrate (Pierce, Rockford, IL) and exposed to autoradiography film. Films were scanned and quantified with a Kodak Image Station 440 using the 1D Kodak image analysis software (Kodak, New York, NY). Protein levels were analyzed as arbitrary units normalized against ␤-tubulin expression.
Steroid and protein assays
Aldosterone and cortisol levels were measured in cell culture supernatants by time-resolved fluorescence (19) using primary antibodies and methods developed in our laboratory as previously described (21, 22) . Liquid chromatography-mass spectrometry (LC-MS) of angiotensin metabolites was done as previously described (23, 24) .
Statistical analysis
All results were expressed as mean Ϯ SEM of at least three separate experiments, in which each sample was assayed in triplicate or quadruplicate. Differences between two groups were analyzed for statistical significance by t test, and multiple groups were analyzed by one-way ANOVA followed by Bonferroni comparisons. The differences were considered to be significant at P Ͻ 0.05. Analyses were performed using SPSS for Windows (release 12.0; SPSS, Inc., Chicago, IL).
Results
Effect of A-II, A-III, A-IV, and Ang1-7 on aldosterone and cortisol production
A-II stimulation produced a 3.6-and 2.0-fold increase in aldosterone and cortisol production, respectively (Fig.  1, A and B) . A-III significantly stimulated aldosterone production by 1.8 times (Fig. 1A) but had no effect on cortisol production (Fig. 1B) . A-IV and Ang1-7, metabolites of A-II and A-III, had no effect on aldosterone or cortisol production ( Fig. 1, A and B) .
Losartan and PD123319 were used to determine the receptors involved in the regulation of aldosterone by A-II and A-III. Losartan completely inhibited A-II-and A-III-stimulated aldosterone production, whereas inhibition by the AT2R inhibitor PD123319 had no effect (Fig. 2) . Similarly, A-II-stimulated cortisol production was abrogated by Losartan but not by PD123319 (data not shown).
Expression of steroid biosynthetic enzymes after A-II or A-III stimulation
A-II stimulation increased the expression of StAR, HSD3B2, CYP11B1, and CYP11B2 mRNA by 2.4-, 1.9-, 6.9-, and 7.9-fold, respectively, in comparison with control (Fig. 3) . A-III stimulation increased mRNA expression of HSD3B2, CYP11B1, and CYP11B2 by 1.7-, 1.8-, and 1.9-fold compared with control, respectively (Fig.  3) . Interestingly, CYP17A1 mRNA expression was decreased by A-III, whereas A-II had no effect on it (Fig. 3 ). CYP11A1 and CYP21A2 were unchanged by A-II or A-III.
A-III stimulation increased aldosterone but not cortisol production, whereas A-II stimulated the synthesis of both. Both A-II and A-III increased HSD3B2 mRNA but did not change 3␤-HSD protein expression, and both increased CYP11B1 and CYP11B2. However, A-III decreased 17-␣-hydroxylase protein expression by 42%, whereas A-II had no effect on it (Fig.  4, A and B) . 
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Metabolites of A-II and A-III in HAC15 cells
A-II was completely metabolized within 6 h after its addition to HAC15 cells (Fig. 5A ). Ang1-7 increased gradually, reaching its maximum within 1 h after the addition of A-II (Fig. 5B) , whereas Ang3-7 increased insignificantly (Fig. 5D ). HAC15 cells did not covert A-II into A-III, angiotensin A, or Ang2-7. A-IV was detectable at zero times, but we found that A-II batches we used were contaminated with very small amount of A-IV as can be seen at time 0 and the concentration increased at 30 min but was not statistically significant and then decreased to undetectable values (Fig. 5C) .
HAC15 cells metabolized exogenous A-III more rapidly than A-II; A-III disappeared within 1 h of its addition to the incubation media (Fig. 6A) . Incubation of HAC15 cells with A-III increased A-IV and Ang3-7 slightly (Fig.  6 , B and C), whereas Ang2-7 was not detected in the supernatant.
Effect of repeated A-II or A-III stimulation on aldosterone or cortisol production
Because A-II and A-III completely disappeared from the media in 6 and 1 h, respectively, we added A-II or A-III at 1, 3, 6, or 12 h after the initial addition and measured aldosterone 24 h after the first addition of secretagogue. A slight, but significant, increase in aldosterone production was obtained after additional A-II stimulation at 12 h. Surprisingly, additional A-II stimulation at other times had no effect on aldosterone or cortisol production even though A-II was not detectable in the media after 6 h. Additional A-III had no effect on aldosterone or cortisol production stimulated by treatment at time 0.
Discussion
HAC15 cells in this study did not convert exogenous A-II into A-III, and they metabolized exogenous A-III faster than A-II. Both A-II and A-III acted through the AT1R to increase aldosterone production. However, A-III was a less effective aldosterone secretagogue than A-II. Remarkably, A-II, but not A-III, stimulated cortisol, probably because A-III suppresses CYP17 expression and 17-␣-hydroxylase is required for the synthesis of cortisol but not aldosterone. Our demonstration that A-III regulates aldosterone production through the AT1R in human adrenocortical cells agrees with the preponderance of information in the literature (3, (25) (26) (27) . The increase of arterial blood pressure in response to A-III in the dog was completely blocked by an AT1R antagonist (12), supporting our results, in which A-III acted via AT1R to stimulate aldosterone secretion ( Fig. 2A) . Although A-III was reported to stimulate aldosterone secretion through the AT2R in the rat (13) , there is significant evidence that aldosterone production is regulated by the AT1R, rather than the AT2R, in the rat and other species (3, (25) (26) (27) . AT2R mainly exerts inhibitory actions on cellular responses mediated by the AT1R (28, 29) .
A-II and A-III administration in the human markedly increased plasma aldosterone, with A-II being approximately 2.4 times more potent than A-III (16) . These results are consistent with our in vitro study that A-II was about approximately two times more potent than A-III in stimulating aldosterone production in the HAC15 cells (Fig. 1A) . Similarly, A-III was less potent than A-II in causing vessel contractions in rat and rabbit aortas or endothelium-denuded human saphenous veins (30 -32) and relaxing precontracted bovine adrenal arteries (24) .
It has been suggested that the difference in potency between A-II and A-III is due either to more rapid degradation (32) or to lower affinity of A-III for the AT1R (33) . We showed that the concentration of A-III in the human adrenocortical cell culture media decreased faster than that of A-II consistent with a previous report (12) . However, our supplementation of the HAC15 culture media with A-III to prevent the decline in its concentration did not enhance its stimulation of aldosterone production. A recent study showed that A-III has a lower affinity for AT1R compared with A-II (9). Our studies did not address the issue of comparative affinity, because we did not do competitive studies with the two agonists. Addition of A-II at several time points after it was completely metabolized at 6 h only increased the 24-h aldosterone production when it was added at 12 h after the initial incubation but had no effect on cortisol production. A-II binding of the AT1R results in its internalization; maximal effect occurs when all available AT1R are fully occupied and internalized (34) . Furthermore, adding of A-II from 4 to 12 h suppressed AT1R mRNA levels by more than 80% at 24 h (34). Therefore, the probable explanation for the tachyphylaxis observed for both A-II and A-III was the internalization of all AT1R and perhaps transient suppression of its synthesis. Aminopeptidase A preferentially cleaves N-terminal acidic amino acids from A-II to form A-III. It is expressed in the brain and contributes to the regulation of blood pressure (6, 35) . Central nervous system blockade of aminopeptidase A with a specific inhibitor abrogated the pressor effect of exogenous A-II, suggesting that in the brain, A-II is converted into A-III to increase arterial blood pressure (35) . A-III was not formed in HAC15 cells after A-II incubation, suggesting that aminopeptidase A does not exist in human adrenocortical cells. However, this will have to be confirmed in freshly isolated cells of the normal human adrenal gland in case the ability to express this gene was lost during immortalization of these cells. Alternatively, because A-III is rapidly metabolized by HAC15 cells, it is possible that A-II is metabolized to A-III, but A-III does not accumulate due to its rapid metabolism to A-IV and A3-7.
These studies show that the main metabolite for A-II in the HAC15 adrenocortical cell is Ang1-7, most likely due to the conversion by ACE2, prolyl endopeptidase, or prolyl carboxypeptidase. Although ACE2 is reported to have an important role in the metabolism of A-II in kidney, brain, heart, and vessels (36, 37) , this is the first report regarding the possible existence of ACE2 in adrenocortical cells. We found the presence of ACE2, glutamyl aminopeptidase, and alanyl aminopeptidase by RT-PCR using specific primers, but they were not regulated by A-II (see Supplemental Material and Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo. endojournals.org). Our results are consistent with the previous report that systemic Ang1-7 administration in humans did not change aldosterone concentrations (16) . Ang1-7 mainly functions via the G-Protein-coupled receptor Mas 1 (38) , and the G-Protein-coupled receptor Mas 1 has not been reported to be expressed in the adrenal. Although binding assays demonstrate that Ang1-7 has low affinity for the AT2R, it does not bind the AT1R (9), probably due to the absence of the C terminus of A-II, which is critical for binding and activation of AT1R. Bovine adrenal zona glomerulosa cells metabolized A-II in a similar fashion as the HAC15 cells with formation of Ang1-7 and A-IV, both of which were inactive releasing aldosterone (39) . A-II was not converted to A-III in bovine zona glomerulosa cells (39) .
In conclusion, we showed that A-III was not formed from A-II in the HAC15 cells. A-III stimulated aldosterone, via AT1R, but did not increase cortisol synthesis. The stimulation of aldosterone release by A-III was less than that of A-II in the HAC15 human adrenocortical cells. The smaller effect of A-III is unlikely to be due to more rapid decay of A-III compared with A-II in the incubation, because the stimulatory effect was not restored by addition of agonist at strategic intervals. In fact, the effect on steroidogenensis of both A-II and A-III showed tachyphylaxis, whether this is due to the internalization of the AT1R or to suppression of its synthesis, or both, remains to be demonstrated in the human adrenocortical cells. One limitation of these studies is that the HAC15 is an adrenal carcinoma cell line that might not represent normal aldosterone-producing zona glomerulosa cells. One problem with the use of isolated normal human zona glomerulosa cells is that the CYP11B2 enzyme needed for the synthesis of aldosterone is expressed in a few scattered cells underneath the capsule and in clusters that have been called aldosterone-producing cell clusters, which are mixed under the capsule with a larger component of nonsteroidogenic cells and zona fasciculata cells (40) .
